cent years, the expanding volume of trade and the increasing numbers of entry points have greatly accelerated the introduction and establishment of invasive pathogens. There are numerous historical and contemporary examples of major crop loss caused by invasive pathogens (1). Invasive pathogens can be equally catastrophic in natural landscapes; the virtual extinction of the American chestnut in eastern forests and the tremendous loss of landscape elms in American cities can be attributed directly to accidental introduction of exotic fungi (14, 23) . Early detection, accurate identification, and the ability to trace pathogens back to their likely origin will significantly increase the probability of preventing the spread of invasive pathogens. Given the global nature of disease problems, global cooperation in mapping and documenting the diversity and distribution of pathogens is essential for disease management. Because science builds on existing knowledge, such cooperation also is important for the advancement of plant pathology. Toward the goal of enhancing global cooperation in studying and managing major pathogens, we have established a supporting cyberinfrastructure known as the Phytophthora Database (PD; http:// www.phytophthoradb.org/).
The genus Phytophthora was chosen as the first step toward the goal of building a global plant pathogen database primarily because of its practical significance. The destructive potential of members of Phytophthora is well illustrated by Phytophthora infestans; late blight has become globally problematic due to high levels of pathogen diversity and the introduction of new, fungicide-resistant lineages (12) . Sudden oak death in the western United States and diseases on ornamental plants throughout the United States and Europe (30) , caused by P. ramorum, are examples of the threat to forest ecosystems and the nursery industry. Many novel species, including P. ramorum, have been reported in recent years (5, 7, 9, 11, 16, (18) (19) (20) 28, 36) , underscoring our limited understanding of the ecology and diversity of Phytophthora spp. in nature. Furthermore, the potential for new Phytophthora spp. to emerge from hybridization events exists (4, 6, 8) . The likelihood that P. ramorum will not be the last threat from the genus Phytophthora signifies the importance of continuously monitoring the diversity, distribution, and dynamics of Phytophthora spp. in nature. Systematic archiving of resulting cultures and data, in a readily accessible format, is necessary to maximize their utility in protecting global agricultural production and ecological systems from Phytophthora diseases. The PD offers an effective means for archiving and sharing of data and can serve as a model for cataloging other pathogen groups.
MATERIALS AND METHODS
Culture collection and growth conditions. Isolates characterized in this study are mainly archived in the World Phytophthora Collection (http://phytophthora.ucr.edu/) at the University of California-Riverside or at the Pennsylvania Department of Agriculture. Some cultures are stored in more than one location. Corresponding accession numbers of isolates in individual culture collection site are indicated in the PD. Cultures are preserved cryogenically under liquid nitrogen. For DNA extraction, actively growing cultures were produced in either clarified (1:2) V8 broth or pea broth and harvested after 4 to 10 days.
Polymerase chain reaction and sequence analysis. Genomic DNA was extracted as previously described (3). Polymerase chain reaction (PCR) conditions for amplifying target loci varied from locus to locus and are described along with the sequences and locations of the primers used in the Genetic Markers section of the PD. Amplified fragments were purified using spin columns (Qiagen) or treated with ExoSAP-IT enzyme (USB, Cleveland, OH) and directly sequenced with the same primers used for PCR amplification. For certain loci, internal primers also were used to complete the sequencing. Prior to depositing resulting sequence data to the PD, they were edited manually and aligned with sequences from other isolates within the same species to further verify polymorphic sites.
Database construction. The databases were built using MySQL, which is an open-source database management program. The user interface was constructed using PHP scripts and operates from an Apache web server in the Linux system. Using ANSI-C and Perl, middleware was designed based on the Comparative Fungal Genomics Platform (http://cfgp.snu.ac.kr/) (27) to link data analysis and visualization tools to the user interface and to manage tasks, such as BLAST search and ClustalW.
RESULTS
Organization of the PD. The organization of the PD is illustrated in Figure 1 .
Relational databases house phenotypic and genotypic data and literature information associated with individual species and isolates. The home page provides menus that lead users to the following: (i) an overview of the PD, including user manuals; (ii) current statistics on the stored data (e.g., numbers of species, isolates, and sequences archived in the PD), (iii) individual databases; (iv) tools for data search, analysis, and storage; and (v) recent publications and news on Phytophthora spp. Via the user interface, users can search these databases using key words (e.g., species name, genetic marker, host, reference, and so on) to retrieve desired information or marker sequences via BLAST (2) to identify a new isolate to the closest species or population. Programs for multiple sequence alignment and phylogenetic treebuilding using the aligned sequences and for generating virtual gel for restriction fragment length polymorphism (RFLP) analysis are also available. To support the deposition of new and updated data, a data submission and editing function was created. Users are required to register and log in to fully access the PD. User authentication is needed to provide a customized means of storing and sharing data via the PD (see below). The cart function allows retrieval of data in the sequence database and also supports data analysis using available tools.
Step-by-step guides of how to use available functions were generated using screen shots and can be accessed from multiple locations.
Generation of marker sequences to support sequence-based isolate identification. A key function is supporting the identification of new Phytophthora isolates via comparison of their sequences at one or more loci with the corresponding sequences derived from the reference isolates archived in the PD. To support this function, we have generated and deposited sequence data from more than 1,500 isolates from 83 Phytophthora spp. to the sequence database. Current statistics on the number of species, isolates, and sequences are updated automatically at the PD home page as new data are deposited.
For each isolate, up to nine loci were sequenced, including the following: (i) two loci in the nuclear ribosomal RNA (rRNA) encoding genes: the internal transcribed spacer (ITS) regions and the 5′ portion of the large subunit rRNA gene; (ii) nuclear genes encoding 60S ribosomal protein L10, β-tubulin, enolase, heat shock protein 90, TigA fusion protein, and translation elongation factor 1-α (3); and (iii) a mitochondrially encoded coxII gene and spacer region between coxI and coxII. PCR reaction conditions for amplifying these marker loci, including the sequences and positions of primers used, can be found in the Genetic Markers section and are hyperlinked from marker names throughout the PD user interface. Because ITS sequences commonly have been used for identifying oomycete species and isolates, the ITS region was sequenced from all isolates archived in the PD. The ITS region of an additional 2,000 isolates currently is being sequenced or resulting sequences are being edited. Most sequence data archived in the PD were submitted to GenBank, and a GenBank accession number is shown for each sequence. New sequence data will be submitted periodically to GenBank.
A comprehensive phylogenetic analysis was performed (using Pythium vexans as an outgroup) to establish evolutionary relationships among the known species (3). For this analysis, sequences of seven loci (all the markers described above except the ITS and cox regions) derived from 228 isolates from 83 species were utilized. The result is shown in the form of a genus-wide Fig. 1 . Organization of the Phytophthora Database (PD). It consists of three main layers, including the user interface (UI), data search and analysis tools, and databases. The UI supports database search, data submission, and navigation through the PD. The folder function allows for the storage and sharing of data, and the cart function supports the retrieval of data from the sequence database and subsequent data analysis.
phylogenetic tree via individual species pages (see below) and will be updated once new species have been added to the PD. Sequences employed in this analysis are available for downloading.
Database for species and isolate information. This database houses an array of information that will help PD users quickly access characteristics of the archived species and isolates (Fig. 2) . When a user selects a species name, the corresponding species information page appears. To provide an evolutionary context, its position in a genus-wide phylogenetic tree is shown at the top. A brief description of species, including nomenclature, morphological and growth characteristics, hosts and disease symptoms, life cycle, known control or management strategies, diagnostic methods, and selected references also is provided. Information for the species page was derived mainly from the following three sources: (i) nomenclature information was created by the United States Department of AgricultureAgricultural Research Service Systematic Botany and Mycology Laboratory (additional information, including plant host and geographic distribution, can be found by following the link to the laboratory); (ii) morphological and growth characteristics and a list of known hosts were derived from Phytophthora Diseases Worldwide (10); and (iii) additional information, including diseases pictures, was assembled by individual authors and their collaborators (see Phytophthora ramorum, P. infestans, P. cinnamomi, P. capsici, and P. cactorum as examples).
For many species, information from the first two sources is almost complete. However, descriptions of diseases, particularly pictures showing disease symptoms on known hosts, and control or management strategies still remain to be completed for many species. This task requires contributions from members of the global Phytophthora research community; additionally, in order to update the information periodically, their involvement is critical. It is our objective to make the PD a global resource similar to GenBank, through which members of the global Phytophthora research community share and utilize knowledge and data.
At the isolate level, we archived the following information where known: species identity, collector, date and location of isolation, mating type, fungicide resistance, and references. The database automatically generates a unique identification (ID) once a new isolate is entered. This is followed by alternative IDs which designate the sources and accession numbers of the isolate, because it is not uncommon that multiple culture collection facilities archive the same isolate. This is crucial to avoid analysis of the same isolates multiple times and also will guide users to a source for obtaining desired isolates. Available marker sequences for each isolate are shown at the bottom of the isolate page.
User verification. In order to fully utilize the database search and data retrieval functions, users are required to register and log in. However, some information, such as the user manuals, species information, genetic markers, and references, can be accessed without logging in. A main reason for implementing the user-verification system is to enable customized PD applications. Each user can create private folders for storing results from previous analyses and can share results and sequence data via shared folders.
Data submission. Although we have assembled comprehensive datasets for certain species, covering the entire genus comprehensively is an ongoing task and heavily depends on contribution from members of the global Phytophthora research community. Such contribution also is need to update the content of the PD periodically. To facilitate their contribution, the PD provides multiple mechanisms for new and updated data submission. Species information can be created via a web-based form. In this form, images depicting different stages of the life cycle (e.g., spore morphology and disease symptoms) can be uploaded and linked to the life cycle. Sequence data for individual isolates also can be submitted using the web-based form. To submit data for one or a few isolates, this web-based form should be employed. Researchers who want to submit data for a large number of isolates can use a spreadsheet format to organize the data. The curator of the PD then will upload data in the completed form to the appropriate databases. The curator also can work with those researchers possessing databases in order to develop a customized means for data transfer. Those who submit unpublished sequence data will have an option of making the data unavailable to the general public until publication, a practice adopted from GenBank. However, prompt release of data is encouraged.
Sequence-based database search. Stored sequence data can be searched using a BLAST tool. Data flow through BLAST and two other analysis tools is illustrated in Figure 3 , and detailed descriptions of how to use these functions and of how data can be moved from one analysis tool to another can be found in the user manual. The BLAST tool allows for the identification of an unknown isolate by querying the sequence database using one or more of the marker sequences described above. Given the comprehensive set of ITS sequences available for the archived isolates, we suggest that users begin the identification process using this locus, which should establish its identity at or near the species level. If the closest match exhibits substantial sequence differences from the query, it is possible that the unknown isolate may belong to a new species. In the latter case, one may sequence all or some of the seven loci used for the genus-wide phylogenetic analysis (3) to investigate this possibility further. Correct identification of species lineages relies on the analysis of multiple gene phylogenies (32) . Sequence alignments and individual sequences can be downloaded to address phylogenetic questions in depth.
In species where many isolates share identical sequences at the ITS region, a BLAST search will retrieve a large number of identical ITS sequences. This makes it difficult for users to know how many unique genotypes exist within a species. To allow users to view all unique genotypes within a species or group of related species without drastically increasing the number of isolates shown in the BLAST output (the default number is 20, with options ranging from 10 to 50), we implemented an automatic process that groups isolates sharing identical sequences. This grouping also helps users analyze unique genotypes in other data analysis environments (Fig. 3  and see below) . The grouping process is executed when new data enter the sequence database, which results in either an addition to an existing group or the formation of a new group. Only one isolate representing each group is presented in the BLAST output. However, users can view all isolates in a chosen group using the Group-off option. BLAST results can be saved in a user's folder or moved to a different data analysis tool via the cart function.
Phyloviewer, a new tool for building phylogenetic trees. A suite of tools for building phylogenetic trees, termed Phyloviewer (http://phyloviewer.riceblast.snu. ac.kr/; J. Park, unpublished), was developed to help users visualize evolutionary relationships between a new isolate and related isolates. This tool consists of the ClustalW program (33), a tool for multiple sequence alignment, and a newly developed program that builds a phylogenetic tree using the resulting alignment (Fig. 4) .
Fig. 3. Data flow via the Phytophthora Database (PD).
A marker sequence from a new isolate can be deposited to the PD, used to identify the closest species or isolates via BLAST, or analyzed by the virtual gel tool to view restriction fragment length polymorphism patterns. BLAST results, including the query sequence, can be sent to Phyloviewer or Virtual Gel. Outputs from all analysis tools and individual sequences can be saved in the user's folder or cart in the PD or downloaded to the user's own computer.
Users can perform this analysis using sequence data in a BLAST search result and have the option of including all isolates or selected isolates from the BLAST result. Users also can retrieve selected sequences from the sequence database for this analysis. Chosen sequences will be processed in the following order: (i) aligned by ClustalW to create a distance matrix, (ii) converted to a neighbor-joining tree with 1,000 bootstrap replicates, and (iii) transferred to a treedrawing program. Phyloviewer has a number of features that help users view and analyze data in the resulting tree and include the following: (i) the query isolate is labeled with a color different from other isolates, (ii) individual branches are hyperlinked to corresponding groups of isolates, and (iii) isolates from any branch can be moved to different data analysis or visualization environments. Because only one representative isolate for each genotype will be shown, resulting trees will be simple to view. However, if selected, all isolates in each group can be shown.
Although Phyloviewer is useful for quickly visualizing evolutionary relationships among selected isolates, it provides only a crude estimate of phylogenetic relatedness that is unsuitable for publication. Because sequence alignments produced by ClustalW often require manual adjustments prior to building phylogenetic trees, especially when a set of highly divergent sequences are aligned, evolutionary relationships derived from Phyloviewer should be considered tentative. Nondistance-based methods of phylogenetic inference (maximum parsimony, maximum likelihood, and Bayesian) are not currently supported. Users can download a sequence alignment file (e.g., NEXUS format) to adjust the alignment manually and conduct their own phylogenetic analysis using appropriate software packages such as Phylogenetic Analysis Using Parsimony (PAUP; 31) or MEGA (22) .
Virtual Gel for RFLP analysis. RFLP analysis of PCR products from certain marker loci, such as the ITS and cox regions, have been utilized as a means for rapid identification of new Phytophthora isolates (25, 26, 34) . To support this diagnostic method, we developed a tool for generating predicted RFLP patterns from user-chosen sequences via a virtual gel. Users can use a BLAST result or sequences retrieved from the sequence database to perform this analysis. Predicted RFLPs with the user-selected restriction enzymes will be shown on a virtual gel along with a size standard (Fig. 5) .
DISCUSSION
The PD cyberinfrastructure was developed to support systematic cataloging and utilization of a diverse array of data associated with Phytophthora spp. and isolates so that members of the global Phytophthora research community can easily access, update, analyze, and share data via the web. Because the PD provides applied and molecular information on Phytophthora spp. with an integrated suite of data analysis tools, we believe the PD has more utility than GenBank. In addition, the data stored in the PD are provided by specialists actively working with Phytophthora spp.; hence, proper identification of reference cultures should be less prone to error. Many data are connected to vouchered cultures available to appropriately permitted researchers.
We had three objectives in building the PD. Our first and foremost aim was to collect and catalog Phytophthora-related data and materials in a format that maximally supports their present and future uses for understanding the taxonomy and ecology of Phytophthora spp. Our second aim was to promote and facilitate data integration and sharing. Because science builds on existing knowledge, we cannot overemphasize the importance of properly archiving accumulated data and materials in such a format (21) . Collecting data without the consideration of subsequent integration with other data sets from the scientific community impedes the utiliza- Fig. 4 . Phylogenetic tree built from Phyloviewer. Sequences aligned by ClustalW are converted to a neighbor-joining tree with bootstrap replicates. The chosen marker sequence for each of the isolates in this tree can be viewed in a separate window by clicking their identifications (IDs). Selected sequences (by checking the box next to ID or clicking a node of the tree) can be downloaded, realigned for building a new tree, or moved to different data analysis environments via the cart function.
tion of that data to create a global picture. The amassing of data without the establishment of proper integration, interpretation, and analysis tools will result in the state of being data rich but knowledge poor. In particular, the sharing of knowledge with the international plant pathology community is critical for protection against invasive pathogens. Because many highrisk pathogens (17, 24) currently are not present in the United States, we do not have adequate knowledge of their biology, ecology, and epidemiology. Addressing this deficiency is a difficult task, because research on such topics is severely restricted in the United States due to the requirement of high-level containment facilities and strict regulatory compliance. This quandary highlights the importance of cooperation with scientists in countries where target pathogens may be endemic and detailed information on the pathogens has been accumulated.
Our third aim was to maximize the benefits from Phytophthora genomics. Three Phytophthora genomes have been sequenced (P. sojae, P. infestans, and P. ramorum), and the genome sequence of P. capsici is nearly completed (15, 35) . Realizing the full potential of Phytophthora genomics as a foundation for understanding and managing Phytophthora diseases relies on how effectively we use genome sequences and data from gene functional studies to gain a better understanding of genotypic and phenotypic diversity and the evolutionary potential within a species; this requires a collection of diverse isolates with adequate biological information.
We hope to establish the PD as a global "e-research and monitoring forum," through which scientists worldwide will be able to access, contribute, and analyze data on Phytophthora diseases. This forum would provide the best available information to quickly assess the risk of a new or emerging Phytophthora sp. and make decisions regarding how the situation should be addressed. The genus-wide phylogeny (3) , based on reference cultures and multiple marker genes, should facilitate the identification and classification of unknown isolates and provide a framework that illustrates the genus-wide diversity and evolutionary relationships. These data also will aid the development and validation of molecular diagnostic protocols. Diagnosis-based on genetic markers unique to a target pathogen is a highly effective tool for detection because of increased sensitivity and selectivity. However, without a comprehensive understanding of the genetic diversity in the genus Phytophthora, molecular diagnostic approaches designed for species-specific identification cannot be fully validated. Although a significant amount of data has been deposited and a number of data analysis and visualization tools are in place, the current form is not the final product. Sequence and morphological data from new species and sequence data from isolates from contemporary field surveys will be continually generated. Because many of the genetic markers used in our study correspond to relatively wellconserved genes, they may not be suitable for characterizing species complexes whose members likely exhibit similar morphology but consist of distinct phylogenetic species (13, 32) . As such, we have begun to develop new markers suitable for such analyses. Thanks to increasing genome sequence and expressed sequence tag data, this task is becoming easier. Validated makers will be posted on the genetic markers database.
Because one of our future goals is to incorporate Geographic Information System tools into the PD, so that the origins of chosen isolates can be viewed across geospatial and temporal scales in the context of environmental data, we need data derived from isolates with accurate geospatial and temporal contexts. Unfortunately, many historical isolates archived in the PD lack detailed information on their geographic origin; typically, information ends at the country or state or province level. Visualization of the geographic origins of strains genetically related to a new isolate, in the form of a map with zoom function, will help identify the likely origin of the new isolate. Although it has been several years since P. ramorum was first identified in both the United States and Europe (29, 36) , its origin remains unknown. If comprehensive data on the genetic diversity of Phytophthora spp. existed on a global scale prior to the outbreak of this disease, subsequent detective work might have been much easier. A better understanding of pathogen dynamics in geospatial and temporal contexts also may provide insights into the mechanisms underpinning changes in pathogen communities.
Published markers for detection of specific species will be presented to support molecular diagnosis,. To facilitate the development of markers for additional species, the sequence alignments of regions used for marker development also will be presented. In addition, sequencing of mitochondria genomes for a number of species is in progress and will provide sequence data that will be useful for species identification as well as individual mitochondrial haplotypes within individual species.
To facilitate future expansions of the PD, establishing a cohesive computational environment that will seamlessly support the movement of data from one analysis environment to another has been the guiding principle in developing the PD. The current and future tools in the PD provide a powerful means to analyze and visualize the structure and dynamics of Phytophthora spp. However, their utility will be diminished significantly without continuous data deposition and regular updates. As such, we need to strengthen ties with international plant pathologists and urge members of the global Phytophthora community to share their knowledge and data through the PD.
In the long run, we hope that the impact of the PD reaches far beyond a better understanding of Phytophthora spp. and their management. The PD platform easily can be adopted, with minimal modification, to support cataloging and sharing different important pathogen groups, so that researchers and regulators worldwide could work more closely and make better use of data available. All tools and database designs described in this paper are free to others interested in projects requiring similar informatics tools. To generate restriction fragment length polymorphisms for chosen sequences, users need to first select a restriction enzyme or a combination of restriction enzymes from the menu. Users can specify the format and information content of a gel by choosing a number of options, including the width of individual lanes, the height of the gel, and the sizes of the restriction fragments.
